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1 Abstract: Driving safety deteriorated dramatically on ice-covered road pavement in winter. 
2 However, it is a challenge to remove thick ice layer from the pavement surface with conventional 
3 technologies. In this study, the microwave heating performance of asphalt mixtures containing 
4 steel wool fibers was tested. Firstly, the mechanism of pavement deicing using microwave was 
5 introduced. The effect of steel wool fiber on air void content of asphalt mixture is studied, and the 
6 fiber distribution is observed. The microwave heating performance of specimens with different 
7 types and contents of steel wool were tested under the temperature of -5 °C and -10 °C. The ice-
8 thawing time was measured and the effect of initial temperature and ice thickness on the thawing 
9 time was evaluated. Finally, the heating uniformity and sustainability aspects of this technique 
10 were assessed. Results show that the optimal steel wool fiber contents for microwave heating of 
11 asphalt mixture are 0.3% of 000#, 0.6% of 0# and 0.9%% of 2#, respectively. The ice-thawing 
12 time of the pavement with an initial temperature of -10 °C is 9.3% (000#), 11.3% (0#) and 14.8% 
13 (2#) higher than that of -5 °C. In addition, every 1cm increase in ice layer thickness requires 5.9% 
14 (000#), 7.7% (0#) and 13.0% (2#) increase in thawing time. A larger diameter of the steel wool 
15 helps to improve the heating uniformity. At last, the microwave heating capacity of specimens 
16 containing steel wool will not be significantly reduced by the repeated service in the first five 
17 winters. 
18 Key words: microwave deicing, asphalt pavement, steel wool, ice-thawing
19 1. Introduction
20 Driving safety deteriorated dramatically in winter resulting from the snowfall or ice 
21 accumulated on the pavement, leading to a significant reduction in pavement-tire friction and 
22 increasing the risk of accidents. Transportation researchers have made great efforts to demonstrate 
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1 that the icy road is responsible for a number of driving injuries or fatalities, traffic delays and 
2 economic losses (Bardal and Jørgensen, 2017; Khaleghei Ghosheh Balagh et al., 2014; Strong et 
3 al., 2010; Theofilatos, 2017) . 
4 Nowadays, a lot of road snow and ice control technologies have been developed which are 
5 associated with advanced materials, new products, machines, maintenance strategies and 
6 operations. For instance, the deicer chemicals or the anti-freeze filler contained in the asphalt 
7 concrete, are effective in preventing the icy condition (Liu et al., 2016), however, the chlorides 
8 contained in these chemicals have been blamed for having a damaging effect on the aquatic 
9 ecology, flora and fauna and, in addition, are considered corrosive to the pavement materials 
10 (Rivett et al., 2016; Wyman and Koretsky, 2018; Zítková et al., 2018). The heat melting method 
11 adopts special facilities to collect, store, transform and release external energy to generate heat for 
12 melting snow or ice on the road surface (Pan et al., 2015; Zhang et al., 2016; Zhou et al., 2015). 
13 The external energy, for example, geothermal or solar, are environment friendly and renewable 
14 energy resources for humans, while the equipment using conventional energy (e.g. natural gas and 
15 electric energy) may strain the city's energy supply system. Generally, conventional heat melting 
16 methods result in high construction investment and operating expenses. 
17 Microwave heating (MH) has attracted great interest from the industry and academia thanks 
18 to its advantages of high uniformity, energy saving, selective heating and environmental 
19 friendliness; the method has seen numerous applications in many industrial processes (Tang et al., 
20 2018). Early researchers tried to introduce the MH technology into pavement ice-melting. These 
21 efforts however, have not yielded the satisfactory results due to the fact that conventional road 
22 materials such as the asphalt, cement and aggregate have limited MH capacity (Osborne and 
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1 Hutcheson, 1987). Therefore, various microwave absorbing materials were utilized for surface 
2 layer of the pavement to enhance the MH capacity of conventional pavement. For instance, 
3 Hopstock and Zanko (2005) used taconite produced in Minnesota as the aggregate for preparation 
4 of the asphalt mixtures, the laboratory tests showed that the heat capacity, thermal conductivity 
5 and microwave absorption of taconite asphalt mixtures were greatly improved. In addition, 
6 Jahanbakhsh et al. (2018) and Karimi et al. (2018) reported that conductive admixtures such as 
7 carbon fiber and carbon black are effective for enhancing the microwave heating rate of asphalt 
8 mixture, and they also indicated that the limestone aggregate is better than the siliceous aggregate 
9 concerning the microwave heating rate. Furthermore, Wang group (Gao et al., 2017; Wang et al., 
10 2014; Wang, Z. et al., 2016a; Wang, Z. et al., 2016b; Wang, Z. et al., 2016c) has made great 
11 efforts in incorporating microwave absorbing materials to conventional asphalt pavement.
12 Although a number of options are now available for improving the electromagnetic properties 
13 of asphalt mixtures, the development of MH ice-melting techniques for asphalt mixture containing 
14 steel wool or steel fiber has concentrated insufficient attention (Gao et al., 2016). The utilization 
15 of steel fiber - reinforced asphalt concrete (SFRAC) in surface layer for pavement has been proven 
16 to be an effective way to improve pavement mechanical and fatigue properties. For instance, 
17 Wang (Wang, H. et al., 2016) reported that the asphalt concrete containing an optimal amount (0.4 
18 wt%, 0.1 mm diameter) of steel fibers has seen significant improvement in Marshall stability, 
19 rutting resistance, indirect tensile strength, and low temperature cracking resistance compared to 
20 conventional asphalt concrete. Park research (Park et al., 2015) demonstrated that the low 
21 temperature cracking resistance of asphalt concrete can be significantly improved by adding the 
22 steel fibers with 0.5-1.5 vol% content, 0.1-0.4 mm diameter and 6-30 mm length. Similar 
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1 conclusions are also found in Hes research (He et al., 2017). Furthermore, the steel wool fiber, 
2 which is known as the steel fiber with finer diameter, is reported advantageous for improving the 
3 particle loss resistance and flexural strength of dense asphalt concrete. However, the steel wool 
4 fibers tend to be clustered as compared to the steel fiber, the aggregate gradation and bitumen 
5 percentage in the mixture should be adjusted to avoid high air voids caused by the fiber clusters 
6 (García et al., 2013). The recommendations made by García is to use the shorter steel wool fiber 
7 with the larger diameter. In the meantime, the electromagnetic heating characteristics of SFRAC 
8 have also been explored in previous studies. For example, Garcia group (García et al., 2013; 
9 García et al., 2012; García et al., 2010; Menozzi et al., 2015; Norambuena-Contreras and Garcia, 
10 2016; Obaidi et al., 2017) have carried out intensive studies to introduce the self-healing 
11 performance of asphalt concrete with steel wool using the electromagnetic induction heating 
12 technology. Results show that the surface temperature of asphalt concrete with more than 4% (by 
13 volume of binder) steel wool fiber can be heated up to 60 °C after 120s electromagnetic wave 
14 irradiation (6 kW, 350 kHz). However, the modified mixture with 2%, 4%, 6% and 8% fiber 
15 content lead respectively to 7.92%, 8.67%, 8.96% and 10.54% air voids content. Compared to the 
16 reference mixture (air voids content was 5.98%), higher air voids is responsible for exponentially 
17 increasing of the particle loss of dense asphalt concrete (García et al., 2013; Norambuena-
18 Contreras and Garcia, 2016). Meanwhile, Lius researches (Liu et al., 2010; Liu et al., 2013; Liu et 
19 al., 2014) obtained similar conclusions concerning the heating properties. 
20 These preliminary findings justified the need to conduct a primary study to verify the 
21 feasibility of MH deicing for asphalt pavement surface layer containing steel wool. Objectives of 
22 this study will be to: 
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1  Recommend the optimal steel wool content with various diameters for pavement 
2 microwave deicing;
3  and investigate the microwave deicing efficiency of asphalt mixtures containing steel 
4 wool under various operating conditions.
5   In this study, the surface temperature of asphalt mixtures containing various types and 
6 contents of steel wool after microwave irradiation under different initial temperatures was 
7 assessed via laboratory research to determine the optimal usage. The effect of initial pavement 
8 temperature and ice layer thickness on the ice-thawing times of asphalt mixtures with steel wool 
9 was investigated. At last, the heating uniformity and the sustainability constraints of heating 
10 capacity were analyzed to overcome the potential barriers that may be encountered in practice. 
11 The materials developed in this study offer a novel technical solution to the removal of thick ice 
12 on winter pavement, especially for critical locations such as airport runway, bridge deck and sharp 
13 bend.
14 2. Method
15 2.1 Materials
16 The aggregate was limestone produced in Shaanxi province, China, with an apparent specific 
17 gravity 2.772 g/cm3, soaking swelling ratio 0.4%, water absorption 0.71% and crushing value 
18 20.4%, which meet the Chinese specification for the Testing Procedures of Aggregate for 
19 Highway Engineering in China (JTG E42- 2005) (JTGE42-2005, 2005). The mineral compositions 
20 of aggregate obtained by X-Ray diffraction are shown in Fig. 1. 
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2 Fig.1 X-Ray diffraction results of limestone aggregate
3 Binder was the base bitumen with a density of 1329 kg/m3 produced in Kuwait, its properties 
4 are shown in Table 1. In addition, three types of low-carbon steel wool (000#, 0# and 2#) with 
5 different diameters were used for the preparation of the asphalt mixtures. The crude steel wool 
6 fiber was processed into shorter products by a wheel cutter. The steel type was S434 stainless 
7 steel, its chemical composition can be found in Table 2. Approximately 90 fibers for each steel 
8 wool type were selected randomly, then the length distribution of three steel wool types were 
9 investigated jointly using optical microscope and image processing software. The technical 
10 parameters, topography and length distribution of the used steel wool fiber is summarized in Table 
11 2. 
12 Table 1 Properties of asphalt binder
Properties Unit Specification Test results
Penetration (25°C, 5s, 100g) 0.1mm 60~80 72
Softening point R&B (R&B method) oC R 52.3
15 oC ductility cm R" 51
Solubility % R!!* 99.71
15 oC density g/cm3 Measured 1.329
Wax content (distillation method) % S* 1.7
Flash Point (COC) oC R" 305
13 Table 2 Technical parameters and length distribution of steel wool fiber
Types Diameter Electrical Density Length distribution / mm
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AT/B resistivity
AU4/B
(g/cm3) 5 5-6 6-7 7-8 8-9
000# 15 - 35 12% 6% 43% 27% 12%
0# 50 - 70 5% 11% 44% 32% 8%
2# 75 - 125
7×10-7 7.72
7% 4% 49% 29% 11%
Steel Chemical Composition/%
C Mn Si Cr P S Mo434 
stainless steel S"* S*"" S*"" 16.0-18.0 S"*" S"*" 0.75-1.25
Topography
1 2.2 Tests
2 2.2.1 Preparation of the specimens
3 The mid-value of the dense AC-13 aggregate gradation recommended in Chinese Technical 
4 Specification for Construction of Highway Asphalt Pavement (JTG F40-2004) (JTGF40-2004, 
5 2004) was used to prepare the specimens for Marshall test, as shown in Table 3. The optimal 
6 asphalt binder content was 5.5%, which was obtained from the Marshall tests for the specimens 
7 without steel wool fiber. The content of different steel wool types used in specimens was 
8 determined by observation of the steel wool fiber aggregation level during the mixing process of 
9 the asphalt mixtures. For example, Fig.2 presents the fact that the steel wool fiber clusters were 
10 formed during the mixing process of asphalt mixtures containing 0.6% (by volume) of 000# steel 
11 wool, the diameter of steel wool fiber clusters was in range of 1 - 3 cm. Similarly, the saturation 
12 (when the steel wool clumps become visible) content of steel wool 0# and 2# in specimens were 
13 evaluated. Based on the observations, the steel wool fiber contents by volume in specimens are 
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1 designed to be: 0.1% - 0.4% for 000# type, 0.1% - 0.9% for 0# type and 0.1% - 1.3% for 2# type, 
2 with 0.1% interval. Three specimens were prepared for each steel wool fiber content via Marshall 
3 Compaction.
4 Table 3 Aggregate gradation for Marshall specimens
Sieve size/mm
Filler 0.075 0.15 0.3 0.6 1.18 2.36 4.75 9.5 13 16
Aggregate mass retained/% 6 4 3.5 5.5 7.5 10.5 16 23.5 18.5 5 0
Mass/g 71 47 41 65 89 124 190 279 219 59 0
5  
6 Fig.2 Outlook of the asphalt mixture with 0.6% of 000# steel wool fiber
7 2.2.2 Air void content and fiber distribution
8 The air void content of asphalt mixture prepared with various steel wool fibers are tested in 
9 accordance with the Chinese specification (JTGF40-2004, 2004). In addition, to investigate the 
10 steel wool fiber distribution in the asphalt mixture, the Marshall specimens containing various 
11 steel wool fiber contents and fiber types are prepared, and each specimen is cut open. The photos 
12 of the fracture surface for each specimen are captured by using a CCD camera.
13 2.2.3 Surface temperature test
14 The surface temperature of specimens after microwave heating were recoded by using a 
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1 mearing system, as illustrated in Fig.3 (a), it consists of a voltage stabilizer, a mini-scale 
2 microwave unit and an infrared camera. Generally, the microwave unit installed on the MH 
3 vehicle is designed with approximately 80 - 120 magnetrons, thus it can heat a large area. For 
4 laboratory study, a mini-scale microwave unit was developed to simulate the field working 
5 process of the MH vehicle (as shown in Fig.3 (b)), the magnetron had a 2.45GHz frequency and 
6 800W power output. Furthermore, the magnetron was embedded in a metal device to prevent 
7 microwave leakage and the ventilating fan was designed to dissipate possible smoke. The voltage 
8 stabilizer was purpose-designed to maintain a stable power supply and to transmit the power from 
9 the power generator in field working, its technical parameters are input range 105V - 450V and 
10 output 220V±4%. In addition, the thermal images were captured by a CS320 infrared camera 
11 whose performance parameters are 100 × 80 pixels infrared resolution, -30 °C ~ 200 °C test range, 
12 ±2 °C error range, 0.08 °C temperature sensitivity. The Marshall specimens containing steel wool 
13 were embedded in an asphalt concrete slab, as shown in Fig.3 (c). During the heating, the thermal 
14 images of the specimens surface were captured every 20 seconds after removing the microwave 
15 unit from the slab. The temperature matrix of the area captured in thermal images can be observed, 
16 stored and extracted via the built-in software, the average temperature and standard deviation can 
17 be calculated based on the data matrix.
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1
2 (a) measuring system for pavement MH surface temperature; (b) mini-scale microwave unit; (c) 
3 asphalt concrete embedded with the Marshall specimen; (d) typical thermal image
4 Fig.3 Setup for temperature test
5 2.2.4 Ice-thawing time test
6 To simulate the condition of ice layer covered on the road surface in winter, especially under 
7 extremely unfavorable conditions (e.g. freezing rain, frozen residual rainwater and compacted 
8 snow), three thicknesses of ice were designed as 3cm, 4cm and 5cm. A plastic collar with a scale 
9 (in cm) was hoop strapped on the Marshall specimen via a liner and a belt. The ice layer can be 
10 created after the specimens were placed in a freezer and tap water injected in the collar. The 
11 designed thickness, can be realized by control the water injection volume. The setup for ice layer 
12 preparation and the outlook of the prepared ice layer are demonstrated in Fig. 4 (a) and (b), 
13 respectively. 
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1
2 (a) setup; (b) prepared ice layer
3 Fig. 4 Ice layer preparation
4 The accelerated MH de-icing device was designed to test the ice-thawing time required for 
5 the MH vehicle in field working process. In practice, the ice layer will be shoveled out after the 
6 pavement have been heated by microwave irradiation. The horizontal force applied by the shovel 
7 to overcome the adhesion between ice layer and pavement fhc was simulated by the accelerated 
8 MH de-icing device, the fhc value was referenced to previous study which can be calculated using 
9 Eq. (1) (Sun, 2013). In this case, 3.95 N, 5.26 N and 6.58 N were used for 3 cm, 4 cm and 5cm 
10 thick ice layers, respectively. 
Eq. (1)
11 Where, r is the radius of the Marshall specimen, m; h is the thickness of ice layer, m; 9 is the 
12 density of the ice, kg/m3; v is the speed that MH vehicle is operating, km/h; : is the angle between 
13 the road and shovel, °; x is the distance between the integration point and the surface edge, m.
14 The fhc was applied and adjusted by varying the stretch height of the rubber band with a 
15 spring dynamometer. The stretch height can be consistent for specimens via a fixed point, as 
16 shown in Fig. 5 (a). During the ice-thawing test, the specimen was placed into a microwave oven 
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1 along with the accelerated MH de-icing device. The magnetron in microwave oven has the same 
2 properties as those used in surface temperature test. The ice-thawing time was recorded when the 
3 ice layer was completely removed, as illustrated in Fig. 5 (b). 
4
5 (a) setup; (b) removed ice layer
6 Fig. 5 Accelerated MH de-icing device
7 2.2.5 Heating durability
8 Freeze-thaw cycle was used to create the actual environment that the MH pavement 
9 experienced in the deicing process. The heating effect on the mixtures can be assessed by 
10 comparing the surface temperatures before and after freeze-thaw cycles. A complete freeze-thaw 
11 cycle consists of four steps which are (i) specimens were placed in room temperature (20 ± 2°C) 
12 for 160 min, (ii) they were soaked in water for 180 min, (iii) they were then frozen in a freezer at -
13 10 °C for 120 min, and (iv) they were heated with microwave for 3 min. 
14 3 Working mechanism of pavement microwave deicing technology
15 Microwave deicing pavement requires not only effective microwave-absorbing agents but 
16 also a purpose-designed operating machinery. The prototype of MH deicing vehicle was jointly 
17 designed by academic and industry in China on 2000, and the commercial model is now available 
18 in Chinese market (Jiao et al., 2008; Li et al., 2003; Yu et al., 2011). Fig. 6 demonstrates a typical 
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1 outlook of the MH deicing vehicle which contains a series of core components such as crusher, 
2 shovel, magnetron matrix and generator unit. The magnetron matrix is the key module consisting 
3 of 70 - 120 magnetrons to create a heating wall with a typical heating area above 3 m2.
4 A standard pavement MH deicing process usually consists of two steps. Firstly, the 
5 magnetron matrix converts electricity to electromagnetic energy and irradiates the pavement. The 
6 adhesion of freezing - thawing interface between asphalt concrete and ice layer barely remains 
7 after the microwave heating. However, a controlled microwave heating time is required in the first 
8 step because the insufficient heating time has limited effect on the interface melting while the 
9 excessive heating time leads to the refrozen of melted water under low-temperature atmosphere. In 
10 the second step, the ice layer will be pulverized by the crusher and pushed to the road-side by the 
11 shovel such that the ice layer can be removed easily. 
12
13 Fig.6 Prototype design for MH deicing vehicle 
14 Basically, the MH deicing efficiency is influenced by the pavement material properties and 
15 MH vehicle design. When microwaves are applied to the pavement surface, part of the 
16 electromagnetic waves are reflected and lost while the remaining electromagnetic waves are 
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1 absorbed by the pavement surface. The microwave power absorbed in unit volume of material can 
2 be calculated using Eq.2 (Tang, 2009). Generally, < is the main indicator of the pavements 
3 ability to absorb microwaves, which can be effectively improved by adding microwave absorbing 
4 materials. In fact, microwave is generally able to penetrate the pavement after the electromagnetic 
5 wave enters the pavement surface (10  12 cm), but the microwave power declines substantially 
6 along the vertical direction (Tang, 2009). For example, Jahanbakhsh et al. (2018) and Karimi et al. 
7 (2018) compared the microwave heating rate of asphalt mixture containing conductive materials 
8 under different thicknesses, the results show that the thinner specimens is of higher heating rate, 
9 namely the closer to the surface, the higher the temperature. The penetration depth of microwave 
10 into the pavement can be calculated using Eq. 3. Technically, a lower penetration depth with a 
11 higher energy density benefits the MH deicing as the transfer of heat is more efficient, while the 
12 problem of overheating the underlying asphalt mixture can be avoided. Apparently, Eq. 3 indicates 
13 that microwave penetration depth can be reduced by increasing the dielectric loss tangent and the 
14 relative permittivity of the asphalt mixture.
Eq. (2)
Eq. (3)
15 Where, P is microwave power absorbed in unit volume of material, W/cm3; f is the frequency 
16 of microwave, Hz; tan < is dielectric loss tangent, no unit;  is relative permittivity of asphalt 
17 mixture, no unit; E is electric field strength, V/cm; D is penetration depth of the microwave into 
18 the pavement surface, cm; 
19 As reported in previous studies, the desirable microwave heating efficiency required by MH 
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1 vehicle is determined jointly by the distance between magnetron and pavement (DM-P), the 
2 magnetron power and the frequency of electromagnetic waves (Sun, 2013; Tang, 2009). The 5.8 
3 GHz microwave magnetron is reported to be 4 - 6 times more efficient than 2.54 GHz microwave 
4 magnetron in deicing pavement with the same power (Jiao et al., 2008). Studies also indicated that 
5 a higher frequency electromagnetic wave is preferred because it has lower heating depth (Sun et 
6 al., 2018). Tang (2009) pointed out the heating rate of a magnetron with 1700 W power is 1.8 
7 times higher that of 1000 W power. Jiao study (Gao et al., 2009) indicated that the maximum 
8 power density of asphalt concrete decreases by 72% when the DM-P increases from 10 mm to 100 
9 mm, indicating the higher DM-P, the lower MH efficiency. 
10 4 Results and discussions
11 4.1 Air void and fiber distribution
12 4.1.1 Air void
13 The incorporation of steel wool fiber could change the volumetric properties of asphalt 
14 mixture, especially on the air void content, which is believed to be related with the durability of 
15 the asphalt mixture. Therefore, the effect of steel wool fiber on the air void content of asphalt 
16 mixture is investigated, and the results are shown in Fig. 7. According to Fig. 7, there are two 
17 primary effects can be observed. First, compared to the air void content of specimens without 
18 fibers (2.72%), the incorporation of steel wool fiber increases the air void of asphalt mixture 
19 regardless of the fiber contents and fiber types. Meanwhile, it can be observed that the increasing 
20 fiber contents lead to the higher air void contents regardless of the fiber types. Second, the asphalt 
21 mixtures with thinner fibers have higher air voids. The incorporation of the thinnest 000# fibers 
22 increases the air void contents of asphalt mixture form 2.72% to and 5.45% and 5.88% when fiber 
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1 content is 0.2% and 0.4, respectively. On the other hand, when the 0# and 2# contents below 
2 0.6%, the air void of the mixture is lower than that of the mixture with 0.4% of 000# fiber. 
3 Similarly, the 2# fiber leads to lower air void contents compared to that of 0# fiber at the same 
4 fiber content. In addition, it is clear that the air void of the mixture soaring greatly to 8.25% and 
5 6.66% when 0.9% of 0# and 2# fibers are used, respectively; the air void content of the mixture 
6 increases to 9.22% after 1.2% of 2# fibers were used. As previous studies have pointed out that the 
7 higher air void could cause the deterioration of durability in terms of particle loss mass (García et 
8 al., 2013). From this view, it is not recommended to use more than 0.9% by volume of fibers in 
9 the asphalt mixture.
10
11 Fig. 7 Effect of steel wool fiber on the air void content of asphalt mixture
12 4.1.2 Fiber distribution
13 Fig. 8 demonstrates the steel wool fiber distribution in the asphalt mixtures with different 
14 fiber contents and fiber types. In Figure 8, the fiber distribution density can be divided into three 
15 grades, namely low density, high density and fiber clusters. Low density refers to the area where 
16 the fibers are separately distributed, and high density refers to the area where the fibers contact 
17 each other; the fiber cluster refers to the area where the fibers are intertwined with each other at a 
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1 higher density. Based on the observation of Fig. 8, the first finding is that a higher fiber content 
2 leads to more intensive fiber clusters, this phenomenon that can be observed in all samples. For 
3 example, when 2# fiber is used, it is can be seen that the steel wool fibers are separately 
4 distributed, neither high-density area nor cluster are observed in the fracture surface of specimens 
5 until the fiber content exceeds 0.6%. Similarly, as the content of 000# and 0# fiber increases, the 
6 fiber cluster is getting more obvious. The second finding is that the thinner steel wool fiber is 
7 more easily to be clustered inside the asphalt mixture compared to the thicker fiber. This finding 
8 can be proven through the comparison between the fiber distribution of the 0# and 2# fiber. It is 
9 apparent that the incorporation of thinner 0# fibers results in larger and more clusters in the 
10 asphalt mixture at the same fiber content compared to the thicker 2# fibers.
11
12 Fig. 8 Distribution of the steel wool fiber in asphalt mixture
13 4.2 Microwave heating performance
14 Generally, the primary barrier for using MH in deicing pavement in practice is the 
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1 insufficient operating efficiency that hinders the MH vehicle running at a desirable operating 
2 speed. Therefore, the effect of steel wool on the MH performance of asphalt mixtures should be 
3 firstly evaluated. Fig.9 presents the surface temperature of asphalt mixtures containing three fiber 
4 types at various contents after different microwave irradiation durations (initial temperature was 
5 18 °C). In Fig. 9, surface temperatures of the asphalt mixtures increase with the increase of the 
6 microwave irradiation time, this effect is clearly observed in all specimens regardless of steel wool 
7 contents and types. Obviously, the surface temperature increases after steel wool is added. The 
8 increases in surface temperature of specimens with 000#, 0# and 2# steel wool are 60-75ºC, 50-
9 95ºC and 45-105ºC, respectively, higher than that of control asphalt mixture after the same 
10 irradiation time (180s). Furthermore, it shows that the surface temperature increases with the 
11 increase of the steel wool contents firstly and then decreases as the steel wool contents continue to 
12 increase. In Fig. 9(a), the surface temperature of 000# specimens increase from 24.8 °C (0%) to 
13 the highest point 97.4 °C (0.3%) and then drops to 89.8 °C (0.4%) after 180 s irradiation. 
14 Similarly, mixtures containing 0# steel wool have its surface temperature reach the maximum 
15 122.1 °C with 0.6% of steel wool, then it declines to 114.8 °C when the steel wool content reaches 
16 0.9%, as shown in Fig. 9(b). The specimens with 2# steel wool have high surface temperatures 
17 when the steel wool contents are 0.9% (127.8 °C), 1.0% (128.6 °C) and 1.1% (127.9 °C) and the 
18 temperature decreases to 114.0 °C with the highest steel wool content 1.3%, as shown in Fig. 9(c). 
19 It is clear that the content of steel wool fiber cluster increases when steel wool fiber content over a 
20 certain amount, the clusters cannot be microwave heated because they reflect electromagnetic 
21 waves. Therefore, the specimens see their surface temperatures decrease when the fiber contents 
22 exceed a certain amount resulting from the increasing clusters. As the results indicate, the optimal 
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1 steel wool contents for asphalt mixtures having highest surface temperature after microwave 
2 heating are 0.3% for 000#, 0.6% for 0# and 0.9%-1.1% for 2#. Considering the volumetric 
3 properties of the asphalt mixture, it is not recommended that the content of 2# fiber exceeds 0.9%. 
4 As for the type of steel wool, the addition of 2# steel wool can provide the highest surface 
5 temperature though it required the highest optimal steel wool content (0.9% - 1.1%) compared 
6 with 000# (0.3%) and 0# (0.6%). On the other hand, the 000# has the lowest MH improvement 
7 due to the fact that only limited amount of steel wool can be used because of the dispersion 
8 problem at mixing. 
9 At last, the temperature gap among various irradiation times is not equally distributed, 
10 indicating that the temperature raising rate of specimens with different steel wool fiber are 
11 different. As shown in Fig.9, the bigger temperature gaps among the irradiation time over the 
12 initial, midterm and final stages are marked by the gray background. The average temperature 
13 raising rates of mixture with 000# fiber are 1.5 °C/s, 0.7 °C/s and 0.5 °C/s at the moments of 20s, 
14 80s and 140 s respectively; the figure for 0# are 1.4 °C/s, 1.0 °C/s, 0.7 °C/s and 0.6 °C/s at the 
15 moments of 20s, 40s, 100s and 160 s respectively; for 2# are 1.5 °C/s, 1.2 °C/s, 0.8 °C/s and 
16 0.6 °C/s at the moments of 20s, 40s, 100s and 160 s respectively. Apparently, the temperature 
17 raising rate decreases with increasing the irradiation time though the longer irradiation leads to 
18 higher surface temperature.
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2 (a) 000# steel wool; (b) 0# steel wool; (c) 2# steel wool
3 Fig.9 Surface temperature of asphalt mixtures
4 In winter, the road pavement may experience various low-temperature environments. 
5 Therefore, the MH capacities of specimen with initial temperatures of - 5 °C and - 10 °C are 
6 tested, the results are presented in Fig. 10. After the calculation of temperature differences in 
7 every content at all moments (except for 0% at 0 s), the average temperature difference between 
8 the specimens with initial temperature - 5 °C and - 10 °C are 6.9 °C (000#), 6.2 °C (0#) and 1.9 °C 
9 (2#), respectively, these figures are close to the initial temperature difference - 5 °C. It indicates 
10 that the initial temperature of the specimen can affect the ultimate temperature of the specimen 
11 after microwave heating, but the effect becomes less obvious as the irradiation time increases. 
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1
2 Fig.10 MH profiles of specimens under initial temperature of - 5 °C and - 10 °C
3 4.3 Ice-thawing time
4 The ice-thawing time of asphalt specimens prepared with three types of steel wool was 
5 determined by the accelerated MH de-icing device under the initial temperatures of - 5 °C and - 
6 10 °C, the results are illustrated in Fig. 11. Firstly, the incorporation of steel wool can significantly 
7 enhance the MH ice-thawing efficiency of asphalt mixtures, regardless of initial temperature, type 
8 or content of steel wool. For 000# steel wool, the ice-thawing time reaches a minimum of 68 s (- 
9 5 °C) and 92 s (- 10 °C) when the steel wool content is 0.3%. Meantime, the specimens containing 
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1 0 # steel wool had the ice thawing time decrease with the increase of steel wool content up to 
2 0.7%, and then the ice thawing time increases as the content of steel wool increases. Notably, the 
3 thawing time of specimens with 0.4% - 0.7% 0# steel wool stay in a close range of 57 s to 66 s (- 
4 5 °C) and 65 s to 72 s (- 10 °C). When the 2# steel wool was used, the ice-thawing time is 
5 dramatically shortened from 266 s and 292 s for initial temperature of -5 °C and -10 °C, 
6 respectively, to just 38 s and 53 s when the steel wool contents reaches 1.0%, then a significant 
7 increase of ice-thawing time is observed as the steel wool contents increases. As a result, the MH 
8 ice-thawing efficiency can reach the maximum when 1.0% of 2# steel wool was used in asphalt 
9 mixture. 
10 In addition, the average ice-thawing time for specimens without steel wool is 266 s and 292 s 
11 at initial temperature of - 5 °C and - 10 °C, respectively. According to above, the optimal steel 
12 wool contents in specimens for the highest ice-thawing efficiency are 0.3% of 000#, 0.7% of 0# 
13 and 1.0% of 2# steel wool. The MH deicing efficiency of conventional asphalt mixture is 
14 improved by 2.9, 3.6 and 6.0 times with initial temperature of - 5 °C, while it is enhanced by 2.1, 
15 3.4 and 4.5 times with initial temperature of - 10 °C. The average ice-thawing time that specimens 
16 need under - 10 °C is 9.3% (000#), 11.3% (0#) and 14.8% (2#) longer than that of - 5 °C, 
17 indicating that the lower initial temperature is responsible for reduction in the ice-thawing 
18 efficiency of MH pavement.
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2 Fig. 11 Ice-thawing time required under initial temperatures of - 5 °C and - 10 °C
3 The efficiency of snow melting pavement is sensitive to the thickness of ice layer covered on 
4 pavement. (Xu et al., 2018). To evaluate the effect of ice layer thickness on the thawing time of 
5 specimens, ice layer thicknesses of 3 cm, 4 cm and 5 cm are selected, to assess the thawing 
6 effectiveness under extremely adverse environmental conditions, the results are shown in Fig. 12. 
7 The average ice-thawing time of specimens covered with 4 cm ice layer is 3.2% (000#), 10.8% 
8 (0#) and 14.1% (2#) longer than that of 3 cm ice layer; while 5 cm ice layer demands 8.6% (000#), 
9 4.7% (0#), and 11.8% (2#) longer ice-thawing time compared to that of 4 cm. Approximately, 
10 every 1cm increase in ice layer thickness demands 5.9% (000#), 7.7% (0#) and 13.0% (2#) 
11 increase in heating time when the ice thickness between 3cm and 5cm. Therefore, the increase in 
12 ice layer thickness can only results in a slight growth in the ice-thawing time of MH pavement 
13 containing steel wool, even when the ice layer is up to 5cm thick. This is due to the limited 
14 dielectric loss tangent of the ice (0.0009 at 12 °C) which is proportional to the heat absorbing 
15 capacity of materials (Thomson et al., 2013). Therefore, the electromagnetic energy is hardly 
16 attenuated when penetrating the ice layer. This characteristic enables the pavement MH deicing 
17 technology to be potentially used to help those regions with harsh road environment caused by 
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1 severe freezing climate. The effect of steel wool content on the ice-thawing time of specimens 
2 under various ice layer thicknesses shows a similar trend, the incorporation of steel wool fiber 
3 shortens the ice-thawing time effectively when the steel wool fiber contents are lower than a 
4 certain amount, then the ice-thawing requires more radiation duration when the fiber contents 
5 exceed the optimal amount regardless the fiber type and ice layer thickness. This phenomenon is 
6 resulted from the difference in microwave heating capacity of specimens containing various fiber 
7 contents.
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9 Fig. 12 Ice-thawing time required by specimen covered with various thickness of ice layers
10 4.4 Microwave heating uniformity
11 As an anisotropic and non-homogeneous material, the pavement presents a temperature field 
12 that tends to be unevenly distributed due to the difference in microwave absorption of the 
13 specimen surface (Sun et al., 2017). In practice, the ice layer may be difficult to be completely 
14 removed by the microwave heating since the interface adhesion remains strong where the 
15 pavement has lower microwave absorption. Fig. 13 presents the temperature distribution of the 
16 specimens with the 000# (0.3%), 0# (0.7%) and 2# (0.9%) steel wool at the initial stage (20 s), 
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1 midterm stage (100 s) and final stage (180 s) of the microwave heating process, respectively. It 
2 can be seen that the multiple temperature peaks are distributed across various positions of the 
3 specimen surface, supporting the fact that the surface temperature is not uniform at any heating 
4 stages. In addition, the standard deviation of the temperature field reflects its distribution 
5 uniformity while the temperature range describes the temperature difference of the field. In Fig. 
6 13, both the temperature range and standard deviation stay at a limited level at the initial heating 
7 stage (20 s), indicating a desirable uniformity. When the heating process reaches the midterm 
8 stage (100 s), the temperature standard deviations of 000#, 0# and 2# specimens increase by 1.9, 
9 4.4 and 4.6 times than initial stage while the temperature ranges increase by 1.3, 5.5 and 3.6 times, 
10 respectively. At last, the difference is even more pronounced when the heating time reaches the 
11 final stage. Above phenomenon can be explained as followings. When microwave heating starts, 
12 the areas with the desirable fiber concentration (the temperature peaks shown in temperature field) 
13 raise sharply while the areas with the poor heating performance grew slowly. As heating 
14 continues, the temperature gap among areas expanded because the rate of heat accumulation in 
15 each area is different. In summary, results shown in Fig. 13 support the fact that the specimens 
16 heating uniformity significantly decrease as the heating process continues regardless of the steel 
17 wool contents or types. The heating uniformity is a key concern if the MH pavement is introduced 
18 in the practical use. During microwave deicing, the ice layer covered on the area with lower 
19 heating capacity may remain a considerable adhesion with pavement after the microwave heating, 
20 thereby it has a potential risk to see the residual ice layer distributed on the MH pavement. 
21 Therefore, the heating uniformity should be quantitatively evaluated in the MH pavement design.
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1
2 Fig. 13 Surface temperature distribution 
3 The heating uniformity of specimens with various steel wool types and contents are tested 
4 and represented by standard deviations in which higher standard deviations indicate less heating 
5 uniformity, the results are demonstrated in Fig. 14. The temperature standard deviations of 000#, 
6 0# and 2# specimens are in good correlation with their steel wool contents. Besides, the heating 
7 uniformity of specimens deteriorates as the steel wool contents increase regardless of the steel 
8 wool types. Meantime, the incorporation of 2# steel wool contributes to a better heating 
9 uniformity compared to that of 000# and 0# under the same steel wool content. This indicates that 
10 increase the diameter of the steel wool helps to improve the heating uniformity of asphalt mixture. 
11 Furthermore, the temperature peak shown in Fig. 13 indicates a position at which overheating 
12 may occur. Generally, such overheating may change the rheological and mechanical performances 
13 of asphalt concrete. However, the pavement covered with ice layer under the low ambient 
14 temperature may not suffer this problem because the heat generated by steel wool fiber will be 
15 transferred to the mixture and ice layer synchronously and continuously, resulting to a lower 
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1 surface temperature. 
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3 Fig. 14 Standard deviations of surface temperature field
4 4.5 Durability of heating capacity 
5 The number of cycles times was determined based on historical data (2011 - 2018) of the 
6 average number of days in a year that snowfall or rainfall occurred when air temperature was 
7 below 0 °C. Data of five cities typical in north China were obtained, the results are 10.3, 7.0, 14.1, 
8 11.5 and 20.9 days for Beijing, Xian, Ordos, Datong and Harbin, respectively (Tianqi, 2018). On 
9 average, the MH pavement may experience approximately 13 freeze-thaw cycles in a winter based 
10 on the assumption that each snowfall at this temperature would cause an ice layer to form on the 
11 road surface. The specimens with 0.3% (000#), 0.7% (0#) and 0.9% (2#) steel wool were selected 
12 as typical examples, their MH surface temperature over 6 years of freeze-thaw cycles were tested, 
13 the results are shown in Fig. 15. It can be seen that the MH capacity of specimens show 
14 insignificant degradation with an increase of the cycle times. The analysis of variance (ANOVA) 
15 results also proved that there is no statistical significance between cycle times and MH surface 
16 temperature. 
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2 Fig. 15 Surface temperature of specimens after freeze-thaw cycles 
3 It is well-acknowledged that the S434 stainless steel, which is used for manufacturing the 
4 steel wool in this study, has stable chemical properties under normal circumstances in terms of 
5 temperature, humidity and chemistry. This material characteristic offers a stability and 
6 electromagnetic performance to asphalt mixtures containing the steel wool under repeated service 
7 cycles in winter. On the other hand, previous studies indicated that the corrosion process of steel 
8 wool or steel fiber can be accelerated under coastal atmospheric environment (NaCl) and acidic 
9 rain (NaHSO3) (Marcos-Meson et al., 2018). Considering that the steel wool is wrapped in the 
10 asphalt mortar which can effectively isolates the steel wool from the outside chemical atmosphere, 
11 we assume that the steel wool asphalt mixture is durable under adverse conditions. However, this 
12 assumption needs to be verified by further test.
13 5 Conclusion and Recommendation
14 5.1 Conclusions
15 This paper aims investigate the feasibility of microwave heating for asphalt mixture 
16 containing steel wool. This study contrites to existing body of knowledge by revealing the 
17 potential use of steel wool in microwave deicing of asphalt pavements and developing laboratory 
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1 settings for ice layer preparation, microwave heating and deicing of the asphalt mixture. Based on 
2 the results discussed above, the following conclusions can be drawn:
3  The increasing steel wool fiber contents lead to the increase of the air void content of 
4 asphalt mixture; thicker fibers are recommended for asphalt mixture because it results in 
5 lower air void content than thinner fibers. The optimal steel wool contents for asphalt 
6 mixtures for microwave heating are 0.3% for 000#, 0.6% for 0# and 0.9% for 2#. 
7  The lower initial temperature is responsible for reducing the ice-thawing efficiency of 
8 MH pavement, the ice layer thickness has limited influence on the ice-thawing 
9 efficiency. 
10  The heating uniformity of specimens deteriorates as the steel wool contents increase 
11 regardless the steel wool types. Increasing the diameter of the steel wool helps to 
12 improve the heating uniformity of asphalt mixture. 
13 5.2 Further study
14 This study has verified the feasibility of using steel wool to improve the microwave heating 
15 performance of conventional asphalt mixtures for deicing the pavement in winter. The 
16 aforementioned conclusions are believed to be reliable though attention should be paid to several 
17 issues in the future. Although the specimens durability of microwave heating capacity was 
18 evaluated, the effect of repeated heating on the mechanical properties of asphalt mixtures should 
19 be further studied to verify its degradation. In addition, large-scale filed deicing test is 
20 recommended to be carried out to verify the laboratory test results, and deal with practical issues 
21 in implementing such device for winter road maintenance. At last, the correlation between fiber 
22 distribution on microwave heating rate should be further studied as well as the fiber percolation.
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Highlights
i) A novel use of microwave heating is introduced for icy pavement deicing;
ii) Laboratory set up of microwave heating, thawing test for asphalt 
mixture are designed;
iii) Microwave ice-thawing performances of asphalt mixture with steel 
fibers are tested;
and iv) Optimal steel fiber contents were recommended for microwave 
deicing pavement.
